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HADRON-NUCLEUS INTERACTIONS AT HIGH ENERGY 

Caltech-Fermilab-Florida-Illinois-Indiana- 
George Mason-Maryland-Rutgers-Serpukhov 

E557 Collaboration 

Properties of energetic secondaries produced at 
large angles using 800 CeV incident protons are 
presented. Hz, Be, C, Al, Cu and Pb targets were 
used for the study. The yields for producing such 
secondaries vary as AO where A is the atomic mass 
number of the target and h attains values as large 
as 1.6. There is evidence that jet-like events 
have c( values approaching unity, indicating a hard 
scattering mechanism may be occuring. Events with 
large values of target-fragmentation energy have, 
on average, large values of energy in the central 
region and small values of forward-going energy. 
Energy flows and number of secondaries are independent 
of the target when events with similar amOUntS of 
energy in the central region are studied. 

INTRODUCTION 

Interactions of hadrons with nuclei (hA interactions) have been studied 
in the past primarily to investigate the production and subsequent 
space-time evolution of the produced secondaries'). This has been 
possible because the nucleus interferes with the secondaries immediately 
after the primary interaction, an occurence that cannot take place in 
hadron-nucleon (hN) interactions. 

From these hA studies it has been found that low energy secondaries, 
produced mostly in the target-fragmentation region, are formed inside 
the nucleus and therefore cascade within the nucleus causing a multiplicity 
enhancement when compared to data from hN interactions. In contrast 
to this, the average number of secondaries formed in the central 
region is approximately pro ortional to the average number of collisions 
expected within a nucleus 2) . This result has lead to the idea that 
energetic secondaries are produced outside of the nucleus and therefore 
are unabletotake partin ahadronic cascade. Finally, leading particles 
from hA interactions have less energy compared to those produced in hN 
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Interactions because of momentum degradation caused by collisions 
within the nucleus3) 

Recently, interest has focussed on the production of leading hadrons 
from hA interactions. By measuring the energy lost by the incident 
hadron, it is hoped that an estimate can be made of the energy deposited 
within the nucleus. This in turn may be useful in estimating the 
incident hadron energies required to study the formation of the quark-gluon 
plasma’l) . An analysi8) using this approach has been carried out recently 
using data from an experiment that triggered on leading particles6). 

An alternative method for studying energy deposited in the nucleus is 
to directly measure the energy associated with secondaries produced in 
the central region. This method was used in Fermilab experiment E557 
which was designed to trigger on large amounts of energy at wide 
angles (in the vicinity of 90° as measured in the proton-proton centre-of- 
mass frame) to the incident beam direction (“transverse energy”, Et). 
One of the aims of E557 was to measure the momentum distribution of the 
secondaries as a function of polar angle7). A large enhancement of 
positive charged particles (as compared to negative ones) was found at 
small angles, corresponding to energetic leading protons. This occurred 
in events with small amounts of Et. The leading proton enhancement 
dispersed over a larger angular region as bigger Et values were required, 
signifying sizeable energy lost by the protons. 

The E557 data were obtained using 400 GeV/c incident protons. The 
experiment concentrated on hN interactions and obtained little hA 
data. A more recent data collection run of E557’ was carried out in 
1984 using BOO CeV/c protons and several nuclear targets. One of the 
aims of this recent run was to study the properties of rare events 
that occur when the incident proton loses a large fraction of its 
momentum. This paper reports on the analysis of these new data. 

EXPERIMENTAL METHOD 

The layout of the E557 apparatus is shown in Fig. 1. The experiment 
was performed using the Fermilab MT beam line. The apparatus consisted 
of several highly segmented calorimeters that detected photons and 
hadronic secondaries. 

calorimeter Calorimeter Calorimeter 
PlJM, LINSl OWD, 

Figure 1. E557/672 apparatus at Fermilab. 
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The properttea of these calorimeters (the wide-angle. WRC, the tnsert 
(INS). the forward. FWD. and the beam, RM) are llated in Table 1. 

Table 1, 

Calorimeter PropertIes 

Calorimeter 

WAC, electromagnetic lead-acintillator 60->145 -1.1:>.5 126 
WAC, hadronic iron-aclntillator 60->145 -1 .l->.5 126 
INS, electromagnetic lead-glass 22->55 .7->1.6 84 
INS, hadronic iron-acintlllator zo->50 .0->1.7 24 
FWD, electromagnetic lead-glass 5->30 1.3->3.1 114 
FWD, hadronic iron-sclntlllator 5->35 1.2-L’3.1 60 
BM, electromagnet lc lead-scintlllator o->5 >3.1 1 
EM, hadronic iron-aclntlllator o->5 >3.1 1 

material acceotance Number of 
in pp &II frame modules 
A8” AYX 

Their segmentation and approximate acceptances, as measured In the 
proton-proton centre-of-mass frame, are shown in Fig. 2. The proportional 
wire chambers shown in Fig. 1 weye not used in this analysis except 
for reconatructlng the position of the interaction vertex upstream of 
the spectrometer magnet. No particle ldentiflcation of the produced 
secondaries was attempted. 

The calorimeters served as triggering devices as well as detectors of 
the produced secondaries. In this paper the results from two groups 
of triggers will be reported. Firstly, an lnelaatic colllaion wss 
detected by demanding that a large pulse height had occurred in a counter 
placed immediately downstream of the target. This trigger, termed the 
“interacting beam” trigger, was sensitive to approximately 90% of the 
total inelastic proton-proton cross section. Secondly, a group of 
triggers consist ‘vg of the “interacting beam” trigger with an additional 
requirement that at least a certain amount of Et was present in a 
preset region of the WAC and INS calorimeters, was also used. The 
module8 used in the WAC and INS calorlmetera to form two of these 
triggers are shown in Fig 3. To form the Et triggers the output from 
each calorimeter module was weighted by the sine of the polar angle 
that the module subtended at the target. Et sums for several different 
configurations of calorimeter modules were formed simultaneously. 
Data from three of these configurations arepresented in thls paper: two 
full azimuthal acceptance (“global”, 450 < 8 < 135O. and “llmlted global’, 
600 < t3* < 1200 ) triggers and a limited azimuthal acceptance (“small 
aperture”) trigger. 



4 

L I I , I I -1.6 I , 
-1.2 -0.8 -0.4 0. cl., 0.B 1.2 

m 
IIce-LHCLE m.ECTROUYjNrnC ?&WY 

-13 mm 
a0 

0 

c 
l \ 

;. yt = a’ c 

/ 

rmolrnrxronc-” 
mm -m -w -KS 0 I- xm mm 

--a 
1 

Figure 2. Segmentation and polar acceptances for massleaa secondaries 
for the (a) WAC hadronic and electromagnetic, (b) INS electr- 
omagnetic, (c) INS hadronic calorimeters. 
e* 

The circles are 
= (a) 45, 90, 110, 135, (b) 20, 30, 45, 60. Cc) 20, 

45, 60 degrees in the proton-proton centre-of-mass frame. 
30, 
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Figure 2. (cont.) 
m nml -zoo -m -am D am m w 

Segmentation and polar acceptances for masaleas secondaries 
for the (d) FWC electromagnetic and (e) FWD hadronlc 
calorimeters. The circles are 8* = (d) 5, 10, 15, 20, 25, 
30 and (e) 5, 10, 15, 20, 25, 30 degrees in the pp centre- 
of-mass frame. 

Figure 3. Modules in the WAC and INS calorimeters used to form (a) 
“global” and (b) a “small aperture” trigger. 

ANALYSIS 

The analysis presented in this paper was performad using the calorimeter 
module outputs directly. No correction was made for the response of 
the electromagnetic section of the calorimeters being approximately 
20% larger for incident electrons than hadrons. It is estimated that 
the Et determination has to be decreased by 17% due to this source, 
the pt kick from the spectrometer magnet, the leakage from the downstream 
face and aides of the calorimeters and the energy resolution 
of the calorimeter modules. No attempt has been made to form “energy 
clusters” from the calorimeter data. 



YIELDS 

Inelastic cross sections were obtained using the “interacting beam” 
trigger. These cross sectionsgjwere typically 10% lower than those 
measured in previous experiments . This was due mainly to the requirement 
that at least two charged particles had traversed the trigger counter. 
Yields of events with Et values up to approximately 16 GeV as detected 
in the “global” trigger region (see Fig. 3) of the WAC and INS calorimeters 
were measured using this trigger. 

Yields of events with higher Et values were obtained by imposing an 
ever increas!ng Et requirement from the WAC and INS calorimeters at 
the trigger level. By doing this it was possible to obtain events with 
Et values in the “globalw trigger region up to approximately 3h GeV. 
The results of this analysis are shown in Fig 4. 
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Figure 4. Yields as a function of Et detected in the “global” triggering 
region. Data for hydrogen and various nuclear targets are 
shown. The 17% correction mentioned in the text has not 
been applied. 

Events that contributed to this plot were required to have a reconstnxted 
interaction vertex in the target region. The reconstruction was 
accurate enough to easily distinguish between the three nuclear targets 
(see Fig. 5). The efficiency for reconstructing vertices for events 
with small Et values was somewhat lower than for events with large Et 
values because the number of secondaries was typically lower for the 
former class of events. This inefflclency contributes to the dip in 
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the yield curve (Fig 4) at low values of Et (the total inelastic cross 
section obtained by integrating the hydrogen data is only 16 mb). 

Figure 5. 

Reconstructed 
interaction 
vertex coordinate 
along the incident 
beam direction 
for: 
(a) hydrogen and 
(b) 3 lead targets. 
The trigger used 
was “interacting 
beam”. 

-1.8 -1.4 -1 m -l.R -1.4 -1 m 

The probability of producing events with Et values greater than, say, 
32 GeV, is approximately 1 O4 times greater from a lead nucleus than 
from hydrogen. Thls means that events where the incident proton loses 
at least 80$ of its momentum (as measured in the proton-proton centre- 
of-mass frame) are readily accessible if nuclear targets are used. 

To quantify the enhancement that nuclear targets produce compared to 
hydrogen, values of do/dEt for several Et ra”v&teor ,thh; f;;;i~;i 
nuclear targets were fitted to the form do/dEt = A . 
not include the hydrogen data as they typically lay well below the straight 
line extrapolation (see Fig. 6). 

1 

du ,o-’ 

Flgure 6. dEt 
-2 

10 
Fit of do/dEt to Aa( 
The Et range was 
25.2 < Et < 25.8 GeV. 

1o-5 

to-’ 

1o-5 

1 10 lo2 
Atomic mass number, A 



The variation of ct as a function of Et is shown in Fig 7. Even if the 
a values for low Et values are ignored, it is still apparent that rx 
increases significantly above unity. This confirms similar results 
from other calorimeter based experiments91 and single-particle experi- 
mentslOl. The same trend was apparent in the “reduced global” and 
“small aperture” data. 
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Figure 7. Varlatlon of a with Et detected in the “global” triggering 
region. 

EVENT STRUCTURE 

In past calorimeter experiments 11) , event structure was studied by 
employing the planarity variable, P. In the plane transverse to the 
beam direction, the principle axis of an event was found and the pt 
vector for each module was decomposed into components parallel and 
transverse to this axis. With the sum of the squared components along 
and transverse to the principle axis denoted as A and B, the planarity 
is defined =S P = (A-B)/(A+B). For pencil-like back-to-back jets, P 
approaches 1, while for large multlpllclty isotropic events it approaches 
0. Fig. 8 shows the observed planarity distributions for the high Et 
“global” data. Only modules that were included in the q’global” triggering 
region contributed to the planarity calculation. It is evident from Fig. 8 
that the majority of the events obtained using this trigger are nonplanar. 
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Figure a. Planarity distributions for data collected using the 
“global” trigger. The Et threshold was 28.5 GeV. Statistical 
errors only are shown. 

The data shown in Fig. I3 can be paramatrized as Ae(P.St). Integrating 
over an Et range, one can study how o varies with planarity. Fig. 
9(a) shows such a variation for the “global” data. There is a slight 
tendency for a to decrease to unity from 1.6 for events with high 
values of planarity. This could be evidence that “jetty” events are 
produced by a hard scattering mechanism. This view is somewhat supported 
by the variation of a with planarity for the q’reduced global” data 
(this trigger was designed to diminish the effect of forward-going 
secondaries being included in the scattered jets detected at wide angles) 
and for the “small aperture” data (see Figs. 9(b) and 9(c)). Several 
sets of data from various “small aperture” triggers were studied and 
all showed a significant decrease of a with planarity. 

To see if events produced using the “small aperture” trigger are 
created by a different mechanism from data collected using the “global” 
or “interacting beam” triggers, data from a detector surrounding the 
target was analysed. The energy deposited in it was, hopefully, 
strongly correla~ted with the number of collisions that had occurred 
within the nucleus. The acceptance of the detector, as measured in 
the proton-proton centre-of-mass frame was 1590 < tl* < 1790. The 
layout of it is shown in Fig 10. 
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Figure 9. a 

Variation of cx with planarity 
for 3 different triggers: 
(a) “global” with a 28.8 
GeV threshold, 
(b) “reduced global” with 
a 19.1 GeV threshold, 
(c) “small aperture” with 
a a.4 CeV threshold. 
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Figure 10. Exploded view of the target-fragmentation region detector. 

Only data from the lead-glass blocks immediately surrounding the 
target (the “barrel”) will be presented here. 

The ratio of total energy detected in the Y&elq7 from hA interactions 
as compared to that from hN interactions is shown in Fig 11. 

Figure 11. 

Variation of the total 
energy in the “barrel” for 
hA interactions normalized 
to the total energy from 
hN interactions as a 
function of nuclear thickness, 
<v>. <v> is defined as 
Aep~/opA where cp~ and cpA 
are the total inelastic 
proton-nucleon and proton- 
nucleus cross sebtions and 
A is the number of nucleons 
in the nucleus. Data obtained 
using the using the “interacting “interacting 
beam”. o. and beam”. o. and “small “small 
aperture”, aperture”, l , triggers are l , triggers are 
show”. show”. 
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The enhancement of the energy in the “barrel” produced in hA interacttons 
compared to hN ones increases faster than <v>. This trend also occurs 
for the charged multiplicity detected in the proportional tubes surrounding 
the target. tlowever , the multiplicity of secondaries is expected to 
increase in nuclei faster than the nuclear thickness due to the hadronic 
cascadewithinthe nucleus; an increase inenergy is not easily explained 
in naive multiple-interaction models, such as, for example, that 
described in Fief 12. 

It was also found (see Fig. 12) that the Et in the central region (as 
detected as the WAC and INS calorimeters) was linearly correlated with 
the average neutral target-fragmentation region energy. Also, the 
amount of energy detected in the “barrel 11 is far greater for hA inter- 
actions than for hN ones, if events with similar Et are examined. 
These two observa~tions indicate that events with large Et values are 
produced by multiple interactions within the nucleus, assuming that the 
energy detected in the “barrel” is directly correlated with the number 
of collisions within the nucleus. This would add creadance to the 
View that values of a exceeding unity are related to multiple scattering 
within the nucleus (see Fig. 4). 

r 

e 0 

SWansverse energy (Gel!) Energy (GeV) 

Figure 12. Correlation between energy detected in the “barrel” and 
(a) Et detected in the WAC and INS calorimeters and (b) 
forward going energy detected in the FWD and BM calorimeters, 
using “interacting beam” and “global” triggers. 
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To see if the detailed structure of events produced in hA and hN 
interactions differ significantly, the energy flows (that is, average 
energy per event in a particular polar angular region) in the WAIZ, 
INS, FWD and BM calorimeters “era combined over the angular range 0 
<145oas measured in the proton-proton centre-of-mass frame. To diminish 
systematic errors it has been customary in the past to divide data 
obtained from hA interactions by the corresponding data from hN ones. 
This approach could not be applied directly to the data obtained using 
the “interacting beam” trigger. As mentioned above, a large fraction 
of low Et hN events were lost because the interaction vertex was not 
reconstructed efficiently. Therefore, if the hA data obtained using 
this trigger,was divided by the corresponding hN data, a serious bias 
would have resulted. To overcoma this problem, data from the same Et 
ranges had to be compared. 

In Fig. 13 comparisons of the polar angle dependence of the energy 
flows from hA and hN interactions are shown for events obtained using 
the “interacting beam 11 trigger. Some effects of the granularity of 
the calorimeters are apparent in the plots. However, it can be seen 
that the energy flows from hA and hN interactions are similar (to 
within 10%) when events with similar values of Et are compared, 

dE 
3 Ratio 

8’ (degreea) 

Figure 13. Polar angle dependence of energy flows 
units) for (a) lead and (b) hydrogen data. 0 

\ln arbitrary 
is measured 

in the proton-proton centre-of-mass frame. The gt range 
was 6 < Et < 4 GeV. Et “as measured in the “global” triggering 
region. (c) shows the ratio (lead/hydrogen) of the energy 
flows. Data from the WAC, INS and F’rlD calorimeters contributed 
to these plots. 
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In Fig. 15 the distributions and their ratios are shown. It can be 
seen that the events from hA and hN interactions have a similar number 
of modules firing for events with similar Et. The data shown in 
Fig. 15 was obtained using an “interacting beam” trigger. Fig. 16 
shows similar data using the “global” trigger with a high Et threshold. 
Although the distributions for higher Et events are broader, signifying 
an increase in the tranverse momentum per secondary, the structure of 
the lead and hydrogen events remains similar. 
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Figure 15. Average number of modules in the hadronlc portion of the 
WAC calorimeter having Et deposited in them for (a) lead 
and (b) hydrogen targets. The integral under the separate 
histograms is the total number of modules in the WAC, that 
is, 126. (c) shows the ratio of the lead to hydrogen 
data. The total Et In the “global* triggering region was 
in the range 3 < Et < 4 CeV. 
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Figure 16. Average number of module3 in the hadronic portion of the 
WAC calorimeter having Et deposited in them for (a) lead 
and (b) hydrogen targets. (c) show3 the ratio of the lead 
to hydrogen data. The total Et in the "global" triggering 
region of the WAC and INS calorimeters was in the range 
16 < Et < 18 GeV 

.Severalpreviou3 experiments have measured the multiplicity of secondaries 
in the central region from hA and hN interactions. The average multlp- 
llcity from proton-lead collisions is 2 to 2.5 times that from proton- 
proton. The results mentioned above are not in contradiction to these 
previous measurements. The new results are quoted for event3 with 
similar Et values. The average Et value for a proton-lead interaction 
is approximately twice that from a proton-proton one (see the yield 
curves in Fig. 4). Therefore, because the multiplicity of modules 
with substantial Et increases linearly with Et as measured in the 



"global" triggering region (see Fig. 17), the average multiplicity 
from lead is approximately twice that from hydrogen. 

. . 

E> l 
t pPb 

I 

. 

. 
‘ii5 1 

i .: 

0 
c 0 

I , I 1 
' 5 

w 
10 15 20 

. 

. 

4’pp Transverse Energy, Et (Gel?) 

Figure 17. The multiplicity of modules In the hadronic pot-ion of the 
WAC calorimeter having Et values greater than 50 MeV in 
them. The data is for a hydrogen target. Similar results 
wer-e obtained for proton-lead events. The value of the 
slope of the straight line was not sensitive to the 50 MeV 
Et requirement; cuts of upto 250 MeV on module Et produced 
no discernible change. 

Similar results were obtained using the electromagnetic portion of the 
WAC calorimeter. A similar study was carried out using the modules in 
the FWD calorimeter. Again. as a function of Et in the "global" 
triggering region, the energy flows and multiplicity of modules firing 
appear to be similar for hN and hA interactions. 
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CONCLUSIONS 

The production of events with large amounts of Et using nuclear targets 
is greatly enhanced over hydrogen. The majority of these events not 
jet-like. The yi.eld enhancement increases faster than the number of 
nucleons within a nucleus. There is evidence that when “jet-.like” 
events are produced, the enhancement varies as the number of nucleons 
in the nucleus, indicating a hard .xattering mechanism. 

To see if the enhancement is due to multiple scattering within the 
“UC 1eus, correlations between the amount of energy in the central 
region and the energy detected in the target fragmentation region were 
studied. Fromthese studies itappearsthathigh Et hA eventsareproduced 
by multiple collisions within the nucleus. 

The events from hydrogen and nuclear targets have similar event structure 
(multiplicity, 
compared. 

energy flow) when events with .$milar Et values are 
It appears that the method by which Et is produced (single 

“3. rrmltiple collisions) is of secondary importance. This suggests 
that Et may be a relevant parameter needed to describe the production 
of events. 
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